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Abstract 
Waterjet-Guided Laser (WJGL) machining is an advanced technique providing efficiency and precision for wood machin-
ing. The present study investigates the practical demonstration and analysis of laminated object manufacturing (LOM) 
WJGL for thin wood machining. A theoretical process of wood laser cutting was established, expressing relations between 
the cut kerf width and the influencing parameters. WJG Nd: YAG laser system was utilized for machining Korean pine 
and Northeast China ash specimen of 3 mm thickness, each with 7.21 and 7.13% of water content, respectively, under 
different machining conditions. The effects of process parameters and influences on woodcut surface geometry were 
analyzed via analysis of variance (ANOVA) and scanning electron microscopy (SEM). The investigated parameters include 
the laser cutting speed, power, kerf width, heat-affected zone (HAZ), and cut surface roughness. The study shows that 
the kerf width and surface were significantly influenced by WJGL power, followed by the cutting speed. For both wood 
specimens, at a fixed laser cutting speed of 2.36 mm/s, the kerf width increases significantly with laser power, affecting 
the cut surface quality accordingly. At 6 W and 8 W, the cut kerf geometry and surface quality were excellent for the Pinus 
Koraiensis, with kerf widths of 0.79 and 0.852 mm, respectively. At a fixed laser power of 8 W, the kerf width decreases 
with the cutting speed, affecting the cut surface quality. At a cutting speed of 4.33 mm/s, an excellent cut surface of 
Fraxinus mandshurica was observed with 0.808 mm of kerf width. Depending on the machining conditions, the kerf width 
variations of Korean pine were more significant than the Northeast China ash. LOM-WJGL is an efficient and eco-friendly 
technique for thin wood processing.
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Graphical abstract

Article Highlights

• Practical modeling demonstration of waterjet guided 
laser (WJGL) wood machining.

• Experimental investigation of different wood speci-
mens under influenced process parameters and 
machining conditions.

• Characterization and identification of suitable wood 
types for efficient and eco-friendly applications.
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1 Introduction

The recent growth of Advanced Manufacturing (AM) 
techniques using hybrid processes makes lasers vital, 
making things more straightforward and comfortable. In 

laminated object manufacturing (LOM), laser cutting is an 
applied technique with numerous lasers. The overwhelm-
ingly used ones are conventional lasers such as carbon 
dioxide  (CO2), fiber/disk, neodymium-doped: yttrium–alu-
minum-garnet (Nd: YAG), and direct diode lasers [1–3]. The 
selection among these competing laser cutting systems 
depends mainly on the proceeded material, the efficiency 
(cut quality, small heat-affected zone), the flexibility of cut-
ting regarding laser output power and cutting speed, and 
the process’s ability to automatize [4, 5]. However, in terms 
of cutting objects,  CO2 and Nd: YAG lasers and derivatives 
are overwhelmingly used for machining a wide range of 
materials. They react differently with materials depending 
on their wavelength. The  CO2 laser is roughly 10.64 µm 
of wavelength, whereas the Nd: YAG laser is 1.064 µm of 
wavelength, which is readably ten times smaller than the 
 CO2 laser. Most nonmetallic materials (organic materials), 
including wood, are highly absorbent at the 10.6 µm wave-
length of the  CO2 laser [6–8]. Whereas most metallic mate-
rials mainly absorb the short wavelength of YAG laser, it 
cripples its ability to absorb many other materials, includ-
ing wood, acrylic, plastics, and fabrics. As a result, the 
Nd: YAG laser is one of the most widely used high-power 
solid-state lasers for high precision and micro-processing 
applications worldwide due to its theoretical focal point 
diameter [9, 10]. Consequently, its application for nonme-
tallic materials processing has seen considerable growth.

The pulse duration and pause duration alternate at 
short intervals in pulsed mode, and the laser provides 
pulses with high output [5, 11]. In addition, shortening 
the pulse width of lasers allows the surrounding area 
heat effects to be controlled while increasing the peak 
power [12]. This mode is suited for materials processing, 
namely, cutting, welding, and hole drilling [7, 13]. Low-
powered lasers mainly use this process, resulting in a nar-
row, clean kerf width. Pulsed lasers are flexible systems 
having achieved numerous functions in optical physics. 
They have received special consideration in studying tran-
sient phenomena which occur in periods [14]. Overwhelm-
ingly applied for decades to various materials, pulsed 
lasers have become prominent in AM technologies [5, 15]. 
Indeed since the 1970s, the laser has been used for wood 
processing as dies in the packaging industry [16]. The cur-
rent application of pulsed lasers covers different types of 
wood materials for multiple uses, including furniture, car 
interiors, architecture, and indoor and outdoor decoration 
[5, 16–18].

In terms of thin wood laminated wooden parts machin-
ing, a certain number of studies have investigated the use 
of pulsed Nd: YAG solid-state lasers. Yang et al. proposed 
the nanosecond laser processing theory of micronized 
wood fibers and demonstrated the possibility of micro-
thin wood fibers machining along the grain [19]. Jiang 
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et al. used a pulsed Nd: YAG laser to cut 2 mm thick of 
different types of wood and study the impact of laser 
energy, feed rate, and kerf depth on the cut surface quality 
[20]. This study found significant kerf width dependency 
on laser pulse frequency and power. According to wood 
types, the increase of laser power reduced the molten slag 
on the wood kerf surface, improving its smoothness and 
quality. Bakary et al. currently analyzed the theoretical 
and practical use prospects of the pulsed Nd: YAG laser 
for wood veneers micromachining and found it not only 
eco-friendly but safe, versatile, and fast technique with less 
restriction resulting in a smooth cut surface with narrow 
kerf width without significant thermal deformation [5]. 
However, this study was limited to a process free of burrs 
and burns on the cut surface.

On the other hand, laser process efficiency in terms 
of versatility, eco-friendness, production capability, and 
in some cases, the nozzle selection and energy carriage, 
gas/or water-assisted laser leads to outstanding machin-
ing results [3, 5, 20–23]. Thus, WJGL is a new innovative 
technique that uses different laser sources assisted by 
waterjet for machining objects. Using the Nd: YAG laser 
source, WJGL technology provides high-precision opera-
tions without blurs with less heat and free debris on the 
cutting surface compared to conventional techniques 
[24]. Recently, Chunmei et al. have used Nd: YAG laser 
and waterjet guiding systems for wood laser processing 
to introduce a new CNC test bench for hybrid WJG Nd: 
YAG laser wood processing [22]. This hybrid WJGL tech-
nique is similar to the one proposed by Tangwarodom-
nukun et al. [25]. The process exploits the advantages of 
laser processing assisted off-axially by waterjet to expel 
debris while cooling the processed area for near thermal 
damage-free micromachining. Since the waterjet runs off-
axially with the laser beam during processing, the distance 
between the two nozzles, the angle, and the waterjet off-
set distance, are controlled to minimize the laser beam and 
waterjet overlap limiting water absorption laser energy 
and therefore reducing heat loss. Nonetheless, heat loss 
at the irradiated surface may occur when the laser beam 
interacts with a thin water layer. The higher the power den-
sity of the laser beam energy, the greater the absorption 
in the water, limiting the processing efficiency of the WJGL 
system resulting in the slow cutting of materials [24]. As 
a result, different studies have been carried out using the 
waterjet-assisted pulsed Nd: YAG laser to cut wood parts 
[26, 27]. These studies analyzed the cut surface quality 
under the effects of process parameters and gave merit 
to this hybrid WJGL technique compared to conventional 
Nd: YAG laser cutting in terms of machining quality and 
efficiency.

However, considering the benefits of laser pro-
cessing and, in particular, the pulsed Nd: YAG laser 

micromachining, plus the merit given to WJG Nd: YAG laser 
wood machining, there is a lack of investigations compar-
ing the machining quality under the same conditions of 
different types of wood. Besides, there is no practical inves-
tigation considering the theoretical and feasibility analysis 
of using WJG pulsed Nd: YAG laser for wood micromachin-
ing. Therefore, besides theoretically describing the feasi-
bility prospects, this study practically investigates using a 
hybrid WJG pulsed Nd: YAG laser for different thin wood 
micromachining under the same machining conditions. 
Among the two main groups of wood materials, namely, 
hardwood and softwood, Ash and Red pine types are 
selected for workpieces. These wood materials character-
ize hybrid WJG Nd: YAG laser thin wood micromachining. 
This manuscript is divided into five sections, outlined as 
follows. Next, we consider a theoretical analysis of laser 
cutting, the WJGL process, and the hybrid WJGL wood 
micromachining process. Section 3 shows the experimen-
tal feasibilities. In Sect. 4, the experimental findings are 
presented and analyzed, followed by a brief conclusion.

2  Theoretical analysis of the process

2.1  Laser cutting process

A laser cutting is a thermal process involving heating a 
specific workpiece material with a focused laser beam 
[16]. The process forms a cut kerf on the workpiece while 
burning or vaporizing throughout the material thickness, 
assisted with pressurized gas or waterjet acting co-axially 
to blow away the debris [7, 28]. It is a famous process used 
in most manufacturing industries to cut metallic and non-
metallic materials [29]. Nowadays, AM technology uses 
competitive lasers and techniques for various applications, 
such as cutting, welding, and surface treatment, in schools 
for study and research and in small businesses. These tech-
niques include conventional gas-assisted, remote, and 
non-conventional waterjet-guided laser cutting [16, 30].

Regarding the competitiveness of these techniques, the 
advantages of laser cutting are, among others, the preci-
sion and flexibility of contour cutting, cutting and process 
speed, small heat-affected zone (HAZ), cut quality, and the 
ability of process automatization [5, 31].

Figure 1 illustrates the process setup of conventional 
gas-assisted wood laser processing.

2.2  Waterjet‑guided laser (WJGL)

Waterjet-guided laser technology or waterjet guided laser, 
also known as "Laser Micro Jet® (LMJ) presented in 1994 
[32], has various applications, widely used in microma-
chining areas. It is a promising micromachining technique 
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with many applications [33]. This laser cutting technique 
has been considered to have numerous advantages over 
conventional laser cutting techniques. These advantages 
include active cooling of the workpiece and material ejec-
tion, high plasma pressure, quick debris removal, and tiny 
focal spot size resulting in lower burrs and burns [34]. 
Besides, the LMJ system can operate daily in the produc-
tion environment. However, new laser technologies, such 
as disc and fiber lasers, have been successfully applied 
with unique demand to various applications in the past 
years. Since frequency-doubled Q-switched DPSS and 
disc lasers operating at 532 and 515 nm have become the 
traditional laser sources for most LMJ applications due to 
their excellent compatibility with the water absorption 
spectrum [32]. The laser wavelength is solely constrained 
by the water transmission spectrum compatibility, which 
is minimum in the optical spectrum’s green region [35]. 
Notably, the absorption coefficient α in the waterjet is 
the lowest at a wavelength of 532 nm. At 1064 nm, the 
absorption coefficient is about 500 times higher. Light 
transmission over a 2.5 cm waterjet is as high as 99.9% 
at 532 nm and 60% at 1064 nm [32, 35]. Hence, the light 
absorption at 532 nm can be neglected. Additionally, Nd: 
YAG laser sources with a wavelength of 1064 nm in pulsed 
or Q-switched regimes have also been used for water jet-
guided laser systems [22, 26, 27, 32, 36].

2.3  Principle

The concept of WJGL consists of coupling a pulsed laser 
beam with a thin, low-pressure water jet [37]. The basic 
principle includes guiding the laser beam into a nozzle 
passing through a pressurized water chamber. The pres-
sured waterjet cooling from the nozzle conducts the laser 
beam with total reflection at the water/air interface until 
the workpiece. Once reaching the workpiece, the guided 
laser beam ablates the material via the melting-vaporiza-
tion process.

Depending on the nozzle diameter, the water-filled 
chamber has a pressure range of 50–600 bars. Larger 
nozzle diameters require smaller water pressure. Hence, 
typical nozzle diameters range from 20 to 150 μm [32]. 
The waterjet acts as a stable fluid optically wave guided 
with different lengths. Besides, it owns two other primary 
functions, namely [37]:

• The cooling of the workpiece cut surface, resulting in a 
negligible heat-affected zone (HAZ);

• The removal of excesses, molten, or debris materials 
from the cut kerf (heat–material interaction zone);

In other words, thin waterjet cooling prevents unde-
sirable particles from being part of the surfaces, offering 
remarkable efficiency while minimizing contamination 
and thermal damage. Consequently, contamination and 
environmental risks are significantly reduced as the water 
jet develops high kinetic energy, efficiently removing the 
molten materials [32]. Furthermore, considering the small 
jet diameter and the low-pressured water, the waterjet’s 
mechanical force is neglected. This force is much lower 
than that applied during gas-assisted laser cutting [32, 37].

2.4  Hybrid WJG Nd: YAG laser wood micromachining

Similarly, to the gas-assisted laser process (Fig. 1), for a 
waterjet-guided laser, the waterjet guides the laser beam 
during the machining process. Hence, a pulsed Nd: YAG 
laser of 100–500 W can be assisted by a laminar water jet 
to cut different kinds of materials, such as ceramics, plas-
tics, wood, and composites, with an extraordinary degree 
of quality and sizeable operating stand-off distance of up 
to 100 mm [16]. Applying waterjet-guided solid-state Nd: 
YAG laser systems in thin wood product prototyping is a 
novel development prospect. The water jet flows co/off-
axially with a laser beam through an annular nozzle. This 
innovative cutting process also allows continuous beams 
where pulsed is required. For wood machining applica-
tions, experimental studies reported that water reduces 
the surface roughness, decreases the kerf width, increas-
ing the cutting speed [23, 26, 38]. Figure 2 illustrates the 
hybrid waterjet-guided laser wood machining. The high 
energy density of the assisted laser beam is focused on 
the wood processing region. The lignin decomposition 
begins at approximately 280 °C [27]. As a result, the wood 
cell moisture evaporated quickly, resulting in an empty 
tracheid. Due to a rapid temperature change, a thermal 
stress gradient occurs around the cutting areas. Simultane-
ously, local expansion and contraction occurred, resulting 
in micro-cracks in the wood subtract and residual stress.

Regarding wood ignition temperature, the proceeded 
area’s laser energy density is lower than vaporization’s, 

Workpiece
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Focusing lens 
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Compressed 
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Nozzle

Fig. 1  Schema of classical gas-assisted laser cutting process
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resulting in wood burning. Consequently, carbonized 
and heat-affected zone (HAZ) is noticeable on wood sub-
tract surface and residues such as carbon granules and 
wastes, adversely affecting the cut results [23, 27, 39–41]. 
Therefore, the waterjet attenuates HAZ expansion, the 
micro-cracks. Water-cooling affects the cut kerf, cleaning 
away excess heat and debris and improving the WGL wood 
micromachining efficiency accordingly.

2.4.1  Numerical relation of influencing process parameters

Figure 3 depicts the computer numerical control (CNC) 
WJG Nd: YAG laser system [26]. Here, wood is fixed on the 
workbench, and the laser moves all along the proceeded 
area via the feeding system. The water moves through the 
nozzle outlet onto the irradiated surface when the pump is 

switched on, forming a jet. Simultaneously, the laser beam 
from Nd: YAG laser system heats up, machining the wood 
workpiece.

WJGL wood machining is a complex process involving 
multiphysics and thermal interactions. Thus, parameters 
of the laser system, waterjet equipment, and workpiece 
influence the process output. Figure 4 depicts a schematic 
illustration of these factors and sources based on Fig. 3.

The waterjet mechanism is additional processing of the 
laser process, as illustrated in Fig. 2. Water is continuously 
sprayed around while the laser beam is heating the work-
piece. Therefore, the moisture content in processed wood 
is ignored. The laser wavelength and pulse width are also 
fixed using a pulsed laser beam. Hence, the process fac-
tors for experimental WJGL wood machining include laser 

Fig. 2  Schematic illustration of 
hybrid WJG Nd: YAG laser wood 
processing mechanism

Laser Head 

Water-jet

Machining Area

Wood Workpiece

Water Unit 

Laser Beam

Nozzles

WJGL Head 

Process Factors Effects

Kerf Width
Heat Affected 

Zone

Waste Materials
Wood Tracheid

Fig. 3  Diagram of CNC WJGL processing test bench [26]. a Structural drawing of the nozzle, b structural illustration of the waterjet-guided 
laser system



Vol:.(1234567890)

Research Article SN Applied Sciences           (2022) 4:181  | https://doi.org/10.1007/s42452-022-05054-4

power and cutting speed, waterjet feed speed, water pres-
sure, Nozzle outlet diameter, and wood thickness.

For pulsed Nd: YAG laser thin wood machining, the 
cut depth D (mm) is assimilated to the wood material 
thickness, which is fixed during the processing [5, 42]. As 
a result, laser beam energy has a remarkable influence 
on wood machining quality. Hence, assuming that all the 
absorbed laser energies melt/vaporize the wood work-
piece while ignoring the heat convection and heat trans-
fer loss, Eq. is used to express the relationship between 
laser power (P), cutting speed (V), and the cut kerf width 
(W) of processed wood material.

where Table 1 reports the detail of each variable in Eq. (1).
By dividing both sides of Eq.  (1) to V, one obtains Eq. 

(2).

(1)
P = �V ∗ W ∗ D ∗ �(CpΔT + Lm +M

�

Lv)

= Pi
(

1 − �r
)

Since Pi, V, W are concerned, one got an equivalent Eq. 
(3), deduced by considering the right-end of Eq. (2).

Pi is the incident laser power depending on the laser pulse 
energy E (m J) and pulse frequency f (Hz), expressed by 
Eq. (4) [5].

Using a pulsed Nd: YAG laser with pulse energy E from 
10 to 800 m J and pulse frequency f from 1 to 15 Hz, the 
incident laser power Pi is numerically from 0.01 to 12 W.

Since the wood workpiece thickness D and other aux-
iliary parameters remain fixed during the processing, Eq. 
(5) expresses kerf width (W) as a function of laser power 
(Pi) and cutting speed (V) deduced from Eq. (3).

β denotes the constant part of the equation expressed by 
Eq. (6).

Notably, the kerf width (W) is proportional to the inci-
dent laser power (Pi) and inversely proportional to the cut-
ting speed (V) at constant β.

(2)
P

V
= �W ∗ D ∗ �(CpΔT + Lm +M

�

Lv) =
Pi

V

(

1 − �r
)

(3)
Pi

V
= W ×

[

�D ∗ �(CpΔT + Lm +M
�

Lv)
(

1 − �r
)

]

(4)Pi = E × f

(5)W = �
Pi

V

(6)� =

[
(

1 − �r
)

�D ∗ �(CpΔT + Lm +M
�
Lv)

]

Fig. 4  Block diagram of influ-
encing factors of hybrid WJGL 
wood machining

Table 1  Variables designation in Eq. (1)

Variables Symbols & units

Laser absorbed power P (W)
The inverse of the coupling coefficient ŋ
Laser incident power Pi (W)
Wood reflectance γr

Laser cutting speed V (mm/s)
Wood thickness (Cut depth) D (mm)
Average cut kerf width W (mm)
Wood density ρ (kg/m3)
Specific heat capacity of wood Cp (J/kg·°C)
Temperature range between wood melting and 

cutting
ΔT (°C)

Latent heat of wood melting Lm (°C)
Mass of wood melted and vaporized (percentage) M’ (%)
The latent heat of wood vaporization Lv (J/kg)
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2.4.2  Cut surface geometry

The kerf geometry is one of the most factors character-
izing the machining quality. Figure 5 illustrates the typical 
kerf geometry characterization of the laser cut surface of 
a solid material.

In Fig. 5, Wt, Wb, and Ta denote the top kerf width, bot-
tom kerf width, and taper angle. The equation expresses 
the taper angle (Ta) function of Wt, Wb, and D [43].

where D (mm) denotes the proceeded solid material 
thickness.

3  Experimental implementation

3.1  Materials and equipment

3.1.1  Workpiece materials

There are mainly two wood groups, namely, hardwood and 
softwood. The former is dense with significant hardness 
(hardwood), while the latter is soft with small hardness 
(softwood). Hardwood includes Ash, Chestnut, Trembling 
Aspen, Oak, Walnut, Beech, Palissander, Lignum Vitae, 
Mahogany, Teak, Abarco, Gurjun, Greenheart, Kauvula, 
Corkwood, Oboto, Thuja, Yellow Buckeye, etc. In com-
parison, softwood includes Red pine, Giant Arborvitae, 
Douglas Fir, Parasol Pine, Corsican Pine, Alerce, Sapwood, 
Dunkeld Larch, silver Fir, Pond Pine, Sugar Pine, Atlantic 
White Cedar, etc.

Red pine wood and Ashwood types were selected for 
workpiece materials, namely Korean pine, and Northeast 
China ash. This selection considers the difference between 
the two wood materials’ thermophysical properties and 
their significance for WJGL wood machining, taking them 
as references and guides for further wood manufacturing. 
Table 2 reports the fundamental physical characteristics of 

(7)Ta = tan
−1

(

Wt −Wb

2D

)

.

the purchased wood types (Haicheng Machining Factory, 
Harbin, China).

The workpiece is prepared to have a specimen 
with a uniform thickness of 100  mm × 40  mm × 3  mm 
(length × width × height). Figure 6 shows the photogra-
phy of the prepared samples of the two wood workpieces.

3.1.2  Equipment

A solid-state laser was selected depending on the wood 
laser-cutting mechanism, the thermophysical properties 
of proceeded material, and the test requirement vis-à-vis 
to the process parameters. Conventionally, wood laser 
cutting requires moderate laser energy. Therefore, due 
to its numerous advantages, versatility, and flexibility, an 
Nd: YAG (1064 nm) laser and auxiliary equipment (Fig. 7) 
were used to build the WJG Nd: YAG laser system (Fig. 8). A 
laser generator machine has converted electric energy into 
light energy (Fig. 7b). For stable laser generating, the volt-
age fluctuation was about three percent (3%). The cooling 
system used an SK20P water-cooling machine of 600 W 
(Dongluyang Co., Ltd., Shenzhen, China) (Fig. 7c). Table 3 
shows the performance parameters of the leading equip-
ment of the WJG Nd: YAG laser system.

3.2  Experimental processes

Referring to Fig. 3, the mechanism with a three-axis link-
age feeding plate was fixed to the optical platform. The 
beam adjustment was carried out before installing the 
laser system. Firstly, while turning on the infrared tuner, 
the mask of the entire mirror opened and pulled down. 
At this moment, the tuner’s spot focused on the mask’s 
center, adjusting its height. While opening the mirror 
mask, it is set behind the half mirror from the entire mir-
ror and centered, obtaining a unique, fine-tuned, coherent 
beam’s path. The mask is placed behind the focusing lens, 
fine-tuned, making the beam converge with the minimum 
diameter after passing through the entire mirror, half mir-
ror, and solid-state laser. Once the beam is adjusted, Nd: 
YAG laser is mounted with the waterjet guided equipment 

Fig. 5  Cut kerf geometry illustration [43]

Table 2  Fundamental physical characteristics of workpiece materi-
als

Materials Air-dry 
density (g/
cm3)

Moisture 
content 
(%)

Ignition 
point 
(°C)

Released 
heat 
(kJ/g)

Korean pine
(Pinus Koraiensis)

0.45 7.21 295 19.08

Northeast China 
ash (Fraxinus 
mandshurica)

0.67 7.13 298 17.35
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constituting the WJGL system, as shown in Fig. 8. The 
Gaussian (TEM00) laser beam had a 1 mm diameter and a 
pulse width of about 200 μs [5, 22]. The focal length of the 
focusing lens was 150 mm, resulting in a focus depth of 
61 mm and a focal spot size of about 0.02 cm.

The workpiece is tested for an accurate operation, 
detecting water leakage. Depending on the waterjet 
cooling mechanism, an angle adjustment considers the 
adjustable annular nozzle to control the waterjet range 
for a non-overlapping with the laser beam, reducing heat 
loss and absorption in water. The nozzle inclination angle 
was adjustable to control the waterjet ring’s range. The 
pressurized water of 0.13 MPa, flows from a nozzle outlet 
of 0.5 mm diameter with 5.75 m/s of waterjet speed [22, 
27]. The press roller placed in the return tank is used to fix 
the wood on the worktable surface. Since this workpiece is 

Fig. 6  Test specimens a Northeast China ash (Fraxinus mandshurica), b Korean pine (Pinus Koraiensis)

Fig. 7  WJGL equipment [5] a Nd: YAG laser system, b Laser generator, c Cooling-water machine

Fig. 8  Experimental set-up of WJG Nd: YAG laser wood machining
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motionless during the processing, its position must remain 
unchanged, facing the system’s vibration. As a result, 
depending on machining conditions (Table 4), the WJG 
Nd: YAG wood machining is adopted. By gradually adjust-
ing the (x, y, z) feeding system, a test is carried out using a 
single pass cutting method to verify the suitability of the 
equipment for further subsequent processing. The wood 
machining was conducted once the result met the stand-
ard test requirements. Thus, Korean pine and Northeast 
China ash wood specimen (Fig. 6) were machined under 
different machining conditions, as shown in Table 4.

4  Results and discussion

Based on a theoretical model expressing the relation 
between process parameters, influencing factors and 
effects on cut surface geometry have been analyzed. An 
experimental test was carried out using the WJG Nd: YAG 

system (Fig. 8) to machine the red pine and ash wood 
(Fig. 6) at constant parameters and material properties 
(Table 2). As numerically expressed in Eq. (5), the control 
variable method was used to explore the relationship 
between the parameters. Firstly, the laser power was 
fixed constant while varying the cutting speed to cut 
the workpiece. Secondly, fixing the cutting speed, the 
laser power was adjusted to machine the wood work-
pieces as presented in Table 4. Five direct measurements 
of the cut kerf width were carried out using the mean 
value method for each selected value of laser power and 
cutting speed. Thus, the influence of laser power and 
cutting speed on cut kerf width, surface geometry, and 
quality are analyzed and discussed.

4.1  Influence of laser power on the cut surface (kerf 
width, geometry, and surface roughness)

4.1.1  Micromorphology of Korean pine cut surface 
under machining conditions  (M2)

Korean pine (Pinus Koraiensis) was laser cut at a constant 
cutting speed of 2.36 mm/s under different laser power 
of 2, 4, 6, 8, 10, and 12 W, pulse frequency of 15 Hz  (M2). 
As a result, Fig. 9 shows the machining parts and the cor-
responding surface micrographs of SEM. From Fig. 9, it is 
noticeable that the Korean pine (tube holes) lignin are 
approximately quadrilateral, arranged in longitudinal 
order. When the laser power is 4 W, the tube aperture is 
remarkably destroyed. The surface roughness is relatively 
high, presenting dross residues on the surface walls, chal-
lenging lignin visibility. At 6 W, the surface roughness is 
significantly improved with remarkable lignin structure, 
but with some remaining dross covering the tube hole. 
At 8 W, the cut surface is smooth, clean, visible tube aper-
ture with no significant excess waste. Besides, the cutting 
quality is relatively excellent. However, when the laser 

Table 3  Operating parameters 
of WJG Nd: YAG laser 
equipment

Equipment Parameters/Variable Specifications & units

Nd: YAG laser Voltage (V) 220 V
Current (A) 0–15 A
Output power control mode Power adjustable
Pulse width (µs) 200 µs
Pulse frequency (Hz) 1 ~ 15 Hz
Pulsed voltage (V) 300 ~ 1000 V
Pulse energy (m.J) 10 ~ 800 mJ

Cooling-water machine Voltage (V) 220 V/50 Hz
Refrigerant type R134a
Cooling flow range (L/min) 8 ~ 30 L/min
Range of lift (m) 1 ~ 4 m
Rated refrigerating capacity (W) 600 W

Table 4  WJG Nd: YAG laser wood machining conditions

M1: Korean pine and Northeast China ash specimen of 3  mm 
machined under experimental conditions of different laser cutting 
speeds of 1.57 mm/s, 3.62 mm/s, 4.68 mm/s and 6.26 mm/s, pulse 
frequency of 15 Hz, at a constant laser power of the water-guided 
laser system of 8 W

M2: Korean pine and Northeast China ash specimen of 3  mm 
machined under experimental conditions of different laser power 
of 2, 4, 6, 8, 10 and 12 W, pulse frequency of 15  Hz, at a constant 
laser cutting speed of the water-guided laser system of 2.36 mm/s

Test condi-
tions

Laser power (W) Cutting speed 
(mm/s)

Pulse 
frequency 
(Hz)

M1 8 1.57; 2.35; 3.62; 
4.68; 5.34; 
6.26

15

M2 2; 4; 6; 8; 10; 12 2.36 15
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power is 10 W, the tube structure is destroyed, resulting in 
a rough surface with a significant dross presence on the 
cut surface.

4.2  Kerf width variations of the two wood 
workpieces under conditions  (M2)

Table 5 reports the kerf width data of Korean pine at fixed 
cutting speed for different laser power  (M2). The graph of 
kerf width as a function of laser power is shown in Fig. 10.

From Fig. 10, at a fixed cutting speed of 2.36 mm/s, 
the kerf width of the Korean pine increases linearly with 
the increase of the laser power, and the surface quality 

changes accordingly, as shown in Fig. 9. Notably, within 
a range of laser power, at 4 W and 12 W, respectively, for 
the minimum and maximum values, the surface quality 
of the kerf geometry is not quite good.

Similarly, Northeast China ash’s specimen was 
machined under the same conditions  (M2) with laser 
power as the single variable. The kerf width data is 
reported in Table 6. Figure 11 shows the graphical illus-
tration of kerf width as a function of laser power.

Figure 11 shows a remarkable variation of the North-
east China ash kerf width under different laser power, 
affecting the cut surface quality.

Fig. 9  Effects of laser power on the cutting surface of Korean pine (Pinus Koraiensis) a At 4 W, b At 6 W, c At 8 W, d At 10 W

Table 5  Kerf width data of 
Korean pine (Pinus Koraiensis) 
under  M2

Laser power (W) Kerf width of Korean pine (mm) Mean 
value 
(mm)

2 0.64 0.63 0.66 0.69 0.67 0.658
4 0.71 0.70 0.73 0.71 0.74 0.718
6 0.78 0.79 0.77 0.81 0.80 0.79
8 0.83 0.85 0.88 0.84 0.86 0.852
10 0.89 0.91 0.93 0.96 0.89 0.916
12 0.93 0.97 0.95 0.98 1.12 0.99
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Fig. 10  Pinus Koraiensis kerf width variation as a function of laser power [W = f (P)] a Kerf width of Korean pine under different laser power, b 
Histogram of kerf width versus laser power
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Fig. 11  Kerf width as a function of laser power of Fraxinus mandshurica [W = f (P)] a Kerf width variation of Northeast China ash, b Histogram 
of kerf width versus laser power

Table 6  Kerf width data of 
Northeast China ash (Fraxinus 
mandshurica) under  M2

Laser power (W) Kerf width of Northeast China ash (mm) Mean 
value 
(mm)

2 0.53 0.52 0.54 0.52 0.56 0.534
4 0.56 0.59 0.58 0.60 0.57 0.58
6 0.62 0.61 0.64 0.61 0.63 0.622
8 0.71 0.69 0.72 0.68 0.73 0.706
10 0.79 0.81 0.78 0.82 0.76 0.792
12 0.83 0.86 0.85 0.89 0.91 0.868
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From Figs.  10, 11, under  M2, the variation of laser 
power influence the kerf width of both Korean pine (Pinus 
Koraiensis) and Northeast China ash (Fraxinus mandshu-
rica). Under different laser power, the kerf width rises 
gradually, and the curve (W = f (P)) slowly moves up. Con-
sequently, the increase of the laser power leads to quick 
heat accumulation on the wood surface, resulting in a 
rapid rise in surface temperature. Under the laser beam’s 
radiation, the wood-burning point is quickly reached. The 
temperature absorbed affects the kerf geometry and its 
surface quality accordingly.

Comparatively, under different laser power at fixed 
cutting speed, the kerf width variation of the Korean 
pine is slightly more significant than the Northeast 
China ash, as shown in Table 7 and Fig. 12, respectively, 
for kerf width data and corresponding joint graphs. This 
slight difference may depend on the physical properties 
of the two wood, as reported in Table 2. For instance, 
the Korean pine’s air-dried wood density was lower than 
the Northeast China ash air-dry density. Besides, its 
physical properties inherent in laser energy absorption 

processing is quite different, resulting in the changes 
noticeable in Table 7.

Table 7  Comparative kerf 
width data of the two wood 
specimens under  M2

Laser power (W) Kerf width of the Korean pine (Pinus 
Koraiensis) (mm)

Kerf width data of Northeast China 
ash (Fraxinus mandshurica) (mm)

2 0.658 0.534
4 0.718 0.58
6 0.79 0.622
8 0.852 0.706
10 0.916 0.792
12 0.99 0.868
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Fig. 12  Joint view of kerf width as a function of laser power of the two types of wood a Kerf width, b Histogram

Table 8  Descriptive statistics

N Analysis N Missing Mean Standard devia-
tion

SE of Mean

P2 5 0 0.658 0.02387 0.01068
P4 5 0 0.718 0.01643 0.00735
P6 5 0 0.79 0.01581 0.00707
P8 5 0 0.852 0.01924 0.0086
P10 5 0 0.916 0.02966 0.01327
P12 5 0 0.99 0.07517 0.03362
A2 5 0 0.534 0.01673 0.00748
A4 5 0 0.58 0.01581 0.00707
A6 5 0 0.622 0.01304 0.00583
A8 5 0 0.706 0.02074 0.00927
A10 5 0 0.792 0.02387 0.01068
A12 5 0 0.868 0.03194 0.01428
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• Analysis of variance (ANOVA)

Using the experimental data of the kerf width of the 
Korean pine and the Northeast China ash under condition 
 M2 as in appendix A [44], a One-Way ANOVA was carried 
out considering the WJGL power as the single independ-
ent variable. As a result, Table 8 describes the data statis-
tics, while the ANOVA result is reported in Table 9. Table 10 
shows the fit statistics of the data. The variance homoge-
neity was tested using Levine’s (Absolute Deviations) test, 
as reported in Table 11.

From Table 9, in terms of the difference between the 
kerf width under laser power variation at a fixed cutting 
speed of 2.36 mm/s, the population means are signifi-
cantly different at the α (0.05) level of variance. In other 
words, for Korean pine and Northeast China ash, there is 

a significant difference within the kerf widths at different 
laser power. Hence, laser power variation significantly 
influences the kerf width of the Pinus Koraiensis and Frax-
inus mandshurica. Besides, the Tukey Test results of kerf 
width comparison of Korean and Northeast China ash 
using grouping the letter table is summarized in Table 12 
(Appendix A [44]). The means that do not share a letter 
significantly differ at the 0.5 level. The value of Sigma 
(σ) was used to judge the comparison analysis. One can 
note that the means difference is significant at the 0.05 
level of variance. Moreover, the population variance is 
significantly different (Table 11).

4.3  Influence of laser cutting speed on the cut 
surface (kerf width, geometry, and surface 
roughness)

4.3.1  Micromorphology of Northeast China Ash (Fraxinus 
Mandshurica) cut surface under machining 
conditions  (M1)

Fraxinus mandshurica specimen of 3  mm thick was 
machined under different laser cutting speeds of 1.57, 
2.35, 3.62, 4.68, 5.34, and 6.26  mm/s, at a fixed laser 
power of 8 W. The micrographics images of SEM of the 
cut surface is shown in Fig. 13.

From Fig.  13, the rounded with staggered lignin 
wood fiber structure is noticeable along the cut surface 
walls. At a cutting speed of 1.57 mm/s, the cut surface 
is extremely rough, presenting severe ring breakage of 
the tube aperture with trash and crimp at the cut kerf. 
When the cutting speed was 3.62 mm/s, the cut surface 
smoothness was improved with a faintly readable tube 
aperture and noticeable dross on the cut kerf. At a cut-
ting speed of 4.68 mm/s, the cut surface is smoother, flat, 
and relatively excellent comparatively, clean and read-
able lignin structure with little dross presence. While, 
within a selected range, at the maximum cutting speed 

Table 9  Overall ANOVA results

DF Sum of 
squares

Mean 
square

F Value Prob > F

Model 11 1.08078 0.09825 110.08692 3.78944E−30
Error 48 0.04284 8.925E−4
Total 59 1.12362

Table 10  Fit statistics

R-Square Coeff Var Root MSE Data mean

0.96187 0.03972 0.02987 0.75217

Table 11  Levine’s test (Absolute deviations)

DF Sum of squares Mean square F Value Prob > F

Model 11 0.00708 6.43758E−4 2.2402 0.02723
Error 48 0.01379 2.87367E−4

Table 12  The grouping letter 
table of the Tukey test 

Mean Groups

P12 0.99 A

P10 0.916 B
A12 0.868 B
P8 0.852 B C
A10 0.792 C
P6 0.79 C
P4 0.718 D
A8 0.706 D
P2 0.658 D E
A6 0.622 E F
A4 0.58 F G
A2 0.534 G
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of 6.26 mm /s, the cut surface smoothness decreased, 
with an abashed lignin structure. The kerf geometry and 
surface quality also decreased. The surface flatness felled 
accordingly; it is rough with slags on the cut kerf.

4.3.2  Kerf width variations under machining conditions 
 (M1)

Under different cutting speeds as a single variable at 
a fixed laser power of 8 W, the kerf width data of the 

Korean pine and the corresponding variation illustration 
are presented in Table 13 and Fig. 14, respectively.

For Northeast China ash, the kerf width data are 
reported in Table 14. Figure 16 illustrates the specific vari-
ation trend.

In Figs. 14 and 15, one notices that the cutting speed 
variation influences remarkably the kerf widths of both 
types of wood specimens. For a selected wood workpiece 
of 3 mm thick under  M1, the increase of the WJGL cutting 
speed entrained the kerf width decrease, directly affecting 
the kerf geometry and cut surface quality accordingly, as 
shown in Fig. 13. Consequently, the laser beam interaction 

Fig. 13  Effects of cutting speed on the cutting surface of the Fraxinus mandshurica a At 1.57 mm/s, b At 3.62 mm/s, c At 4.68 mm/s, d At 
6.26 mm/s

Table 13  Kerf width data of 
Korean pine (Pinus Koraiensis) 
under  M1

Cutting speed 
(mm/s)

Kerf width of the Korean pine (mm) Mean (mm)

1.57 0.94 0.95 0.93 0.97 1.12 0.982
2.35 0.90 0.89 0.92 0.90 0.88 0.898
3.62 0.85 0.89 0.88 0.86 0.84 0.864
4.68 0.79 0.81 0.80 0.83 0.81 0.808
5.34 0.73 0.76 0.74 0.73 0.75 0.742
6.26 0.66 0.68 0.67 0.65 0.63 0.658
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with the wood is quite long at a low cutting speed. As a 
result, the heat accumulation time is extended, resulting 
in broader kerf width with a sizeable heat-affected zone 
(HAZ). Contrariwise, when the cutting speed increases, the 
interaction time is shortened. The wood-burning speed 
is lower than the cutting speed, resulting in a gradual 
decrease of the cut depth and the kerf width accordingly. 
However, within a range of cutting speed, at maximum 
cutting speed, the kerf width is thinner with dotted, ser-
rated, little rough kerf geometry and surface (Fig. 13).

Similarly, as in  M2, under machining conditions  M1, 
there is a slight difference between the kerf width data of 
the two wood. The kerf width variation of Korean pine was 
still slightly more significant than the kerf width variation 
of Northeast China ash like in  M2, as noticed in Table 15 
and graphically illustrated in Fig. 16.

• Analysis of variance (ANOVA)

Under  M1, using kerf width data of the Korean pine and 
Northeast China ash wood (Appendix A[44]), a One-Way 
ANOVA with a single independent variable of WJGL cut-
ting speed was carried out. As a result, Table 16 shows the 
data statistics, and Table 17 presents the overall ANOVA 
summary. Table 18 reports the Fit statistics of the data. The 
variance homogeneity tested using Levine’s test (Absolute 
Deviations) is reported in Table 19.

Considering the kerf widths of Korean pine and 
Northeast China ash under  M1, as shown in Table 17, 
the population means are significantly different at the 
α (0.05) level of variance. In addition, the population 
variances are different (Table 19). In other words, there 
was a significant difference within the kerf widths at 
different laser cutting speeds. Consequently, cutting 
speed affects the kerf width of the Korean pine and 
Northeast China ash. Furthermore, the kerf width com-
parison of the two workpieces using the Tukey Test 
(Appendix A [44]) summarized by the grouping letter 
table is reported in Table 20. The means that do not 
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Fig. 14  Kerf width of Korean pine as a function of cutting speed [W = f (V)] a Kerf width variation of Korean pine, b Histogram of kerf width 
versus laser cutting speed

Table 14  Kerf width data of 
Northeast China ash (Fraxinus 
mandshurica) under  M1

Cutting speed 
(mm/s)

Kerf width data of Northeast China ash (mm) Mean (mm)

1.57 0.81 0.79 0.82 0.81 0.83 0.812
2.35 0.78 0.79 0.74 0.76 0.77 0.768
3.62 0.69 0.71 0.73 0.69 0.72 0.708
4.68 0.63 0.66 0.64 0.62 0.65 0.64
5.34 0.57 0.59 0.56 0.57 0.58 0.574
6.26 0.52 0.54 0.55 0.53 0.52 0.532
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share a letter are significantly different at the 0.05 level 
of variance.

One can note that at the 0.05 level of variance, the 
means difference between the Korean pine and North-
east China ash under machining conditions  (M1) is 
slightly significant.

4.4  Influence of the WJG laser power and cutting 
speed on the wood kerf width under  M1 and  M2

A two-way ANOVA with replication was conducted using 
Korean pine and Northeast china ash (Table 21) under  M1 
and  M2 (Table 2). The data repartition in the histogram is 
illustrated in Fig. 17.

4.4.1  Effects on the kerf width of Korean pine (Pinus 
Koraiensis)

Under  M1 and  M2, a two-way ANOVA with laser power and 
cutting speed as independent variables influencing the 
Korean pine’s kerf width was reported in (Appendix B [44]). 
The data statistic is summarized in Tables 22, Table 23, and 
Table 24, respectively, for laser cutting speed, laser power, 
and interactions. Table 25 shows the overall ANOVA result.

The kerf width comparison was evaluated using Bon-
ferroni Test (Appendix B [44]). The value of Sigma (σ) 
judges the comparison analysis. Thus, Sig equals one 
(σ = 1) indicates that at a 0.05 level of variance, the dif-
ference of the means is significant, whereas Sig equals 
zero (σ = 0) shows that the difference is not significant. 
The grouping letter table of the Bonferroni Test summa-
rizing the mean’s comparison is reported in Table 26 and 
Table 27, respectively, for the cutting speed, the laser 
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Fig. 15  Kerf width of Northeast China ash as a function of cutting speed [W = f (V)] a Kerf width variation of Northeast China ash, b Histo-
gram of kerf width versus laser cutting speed

Table 15  Comparative kerf 
width data of the two wood 
workpieces under  M1

Cutting speed (mm/s) Kerf width of the Korean pine (Pinus 
Koraiensis) (mm)

Kerf width data of Northeast China 
ash (Fraxinus Mandshurica) (mm)

1.57 0.982 0.812
2.35 0.898 0.768
3.62 0.864 0.708
4.68 0.808 0.64
5.34 0.742 0.574
6.26 0.658 0.532
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power, and their interaction. The means that do not 
share a letter are significantly different at the 0.05 level 
of variance. Figure 18 depicts the graphical illustration of 
the kerf width of the Korean pinewood workpiece under 
machining conditions  M1 and  M2.

In terms of the influences of laser power and cutting 
speed on the kerf width of the Korean pine, at a 0.05 
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Fig. 16  Joint view of kerf width as a function of laser cutting speed of the two types of wood a Kerf width, b Histogram

Table 16  Descriptive statistics

N Analysis N Missing Mean Standard 
deviation

SE of mean

P1.57 5 0 0.982 0.07855 0.03513
P2.35 5 0 0.898 0.01483 0.00663
P3.62 5 0 0.864 0.02074 0.00927
P4.68 5 0 0.808 0.01483 0.00663
P5.34 5 0 0.742 0.01304 0.00583
P6.26 5 0 0.658 0.01924 0.0086
A1.57 5 0 0.812 0.01483 0.00663
A2.35 5 0 0.768 0.01924 0.0086
A3.62 5 0 0.708 0.01789 0.008
A4.68 5 0 0.64 0.01581 0.00707
A5.34 5 0 0.574 0.0114 0.0051
A6.26 5 0 0.732 0.44065 0.19706

Table 17  Overall ANOVA results

DF Sum of squares Mean square F Value Prob > F

Model 11 0.73533 0.06685 3.95081 4.15496E−4
Error 48 0.81216 0.01692
Total 59 1.54749

Table 18  Fit statistics

R-square Coeff Var Root MSE Data mean

0.47517 0.16992 0.13008 0.7655

Table 19  Levine’s test (Absolute deviations)

DF Sum of squares Mean square F Value Prob > F

Model 11 0.41859 0.03805 6.24738 2.89144E−6
Error 48 0.29238 0.00609

Table 20  The grouping letter 
table of the Tukey test 

Mean Groups

P1.57 0.982 A
P2.35 0.898 A B
P3.62 0.864 A B
A1.57 0.812 A B C
P4.68 0.808 A B C
A2.35 0.768 A B C
P5.34 0.742 A B C
A6.26 0.732 A B C
A3.62 0.708 A B C
P6.26 0.658 B C
A4.68 0.64 B C
A5.34 0.574 C
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level of variance, the two-way ANOVA concluded as 
follows:

• The population means of Cutting speed are not sig-
nificantly different.

• The population means of Laser power are significantly 
different.

• The interaction between Cutting speed and Laser 
power is significant.

4.4.2  Effects on the kerf width of Northeast China ash 
(Fraxinus Mandshurica)

Considering the kerf width data of Fraxinus mandshurica 
under different values of laser powers and cutting speed 
(  M1 and  M2) (Appendix C [44]), the two-way ANOVA is 
statistically reported in Tables 28, 29, and 30 for laser cut-
ting speed, power, and interaction, respectively. Table 31 
reports the overall ANOVA results.

The kerf width comparison was also evaluated using 
Bonferroni Test, as reported in (Appendix C[44]). The group-
ing letter table summarizing the Bonferroni Test is reported 
in Tables 32 and 33 for the cutting speed, laser power, and 

Table 21  Kerf width data of the two wood specimens under  M1 and 
 M2

Machining parameters Wood workpiece kerf width (mm)

Korean pine 
(Pinus Koraien-
sis)

Northeast China ash 
(Fraxinus mandshu-
rica)

Laser power (W) 2 0.658 0.534
4 0.718 0.58
6 0.79 0.622
8 0.852 0.706
10 0.916 0.792
12 0.99 0.868

Cutting speed 
(mm/s)

1.57 0.982 0.812
2.35 0.898 0.768
3.62 0.864 0.708
4.68 0.808 0.64
5.34 0.742 0.574
6.26 0.658 0.532

Fig. 17  Kerf width of the two 
wood specimens as a function 
of laser cutting speed and laser 
power
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  Kerf width mean of Northeast China ash 
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Laser power (W)

Table 22  Cutting speed N Mean SD SEM Variance Missing Non-Missing

S1.57 30 0.82067 0.11968 0.02185 0.01432 0 30
S2.35 30 0.82067 0.11968 0.02185 0.01432 0 30
S3.62 30 0.82067 0.11968 0.02185 0.01432 0 30
S4.68 30 0.82067 0.11968 0.02185 0.01432 0 30
S5.34 30 0.82067 0.11968 0.02185 0.01432 0 30
S6.26 30 0.82067 0.11968 0.02185 0.01432 0 30
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Table 23  Laser power N Mean SD SEM Variance Missing Non-Missing

P2 30 0.658 0.02172 0.00397 4.71724E−4 0 30
P4 30 0.718 0.01495 0.00273 2.23448E−4 0 30
P6 30 0.79 0.01438 0.00263 2.06897E−4 0 30
P8 30 0.852 0.0175 0.00319 3.06207E−4 0 30
P10 30 0.916 0.02699 0.00493 7.28276E−4 0 30
P12 30 0.99 0.06838 0.01248 0.00468 0 30

Table 24  Cutting speed & laser 
power interaction

N Mean SD SEM Variance Missing Non-Missing

S1.57 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5

S2.35 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5

S3.62 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5

S4.68 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5

S5.34 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5

S6.26 P2 5 0.658 0.02387 0.01068 5.7E−4 0 5
P4 5 0.718 0.01643 0.00735 2.7E−4 0 5
P6 5 0.79 0.01581 0.00707 2.5E−4 0 5
P8 5 0.852 0.01924 0.0086 3.7E−4 0 5
P10 5 0.916 0.02966 0.01327 8.8E−4 0 5
P12 5 0.99 0.07517 0.03362 0.00565 0 5
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their interaction. The means that do not share a letter are 
significantly different; elsewhere, they are not very differ-
ent. Figure 19 illustrates the graphical representation of 
the kerf width of Northeast China ash wood workpiece 
under machining conditions  M1 and  M2.

Regarding the effects of the laser power and cutting 
speed on the Northeast China ash kerf width at 0.05 level 
of variance under  M1 and  M2:

• The population means of Cutting speed are signifi-
cantly different.

• The population means of Laser power are signifi-
cantly different.

• The interaction between Cutting speed and Laser 
power is not significant.

WJG Nd: YAG laser is suitable and efficient for wood 
machining, including softwood and hardwood. The 
technique provides outstanding machining results, plus 
it is flexible, safe, and eco-friendly [23, 26, 27]. Moreo-
ver, the waterjet reduced the surface roughness in addi-
tion to the cooling and cleaning functions; it decreased 
the kerf width by increasing the cutting speed due to 
water vaporization creating additional kinetic energy in 
the cutting region [23, 26, 38]. WJG Nd: YAG cutting is a 
suitable technique for wood machining, including thin 
wood from soft and hardwood. However, this hybrid 
WJGL processing involves multiphysics phenomena 
that affect irradiated surface temperature and influ-
ence machining quality. These phenomena include 

interaction between laser, pressurized waterjet, and air 
on the processed workpiece surface, which was ignored 
in the present study. Therefore, for further efficient and 
outstanding WJG Nd: YAG laser wood machining, addi-
tional studies are needed to consider the above con-
cerns and better understand the temperature distribu-
tion (heat transfer) within the workpiece during the 
machining.

5  Conclusion

In this practical application of waterjet-guided Nd: 
YAG laser machining, the effect of influencing process 
parameters on cut geometry, surface, and kerf width 
were experimentally analyzed using the Korean pine 
and Northeast China ash. Based on the numerical rela-
tionship between the cut kerf width and the machining 
parameters, and through experimental results and analy-
sis, the following conclusions are drawn:

1. At constant cutting speed and fixed workpiece thick-
ness, the machining surface quality of the kerf geom-
etry improved gradually with the increase of laser 
power. Excellent surface quality was obtained at the 
laser power of 8 W. However, with the growth of laser 
power, wood lignin laser beam’s damage increases, 
decreasing the cut surface quality. Comparatively, the 
kerf width variation of the Korean pine was slightly 
more significant than the Northeast China ash.

Table 25  Overall ANOVA 
results

DF Sum of squares Mean square F-value P-value

Cutting speed 5 5.55112E−17 1.11022E−17 8.33709E−15 1
Laser power 5 2.30056 0.46011 345.51589 2.66232E−78
Interaction 25 −1.38778E−16 −5.55112E−18 −4.16855E−15 –
Model 35 2.30056 0.06573 49.35941 5.7595E−64
Error 144 0.19176 0.00133
Corrected total 179 2.49232

Table 26  The grouping letter 
table of the Bonferroni Test: 
Cutting speed and laser power

Cutting 
speed 
(mm/s)

Mean
(mm)

Groups Laser power
(W)

Mean
(mm)

Groups

S1.57 0.82067 A P12 0.99 A
S2.35 0.82067 A P10 0.916 B
S3.62 0.82067 A P 8 0.852 C
S4.68 0.82067 A P6 0.79 D
S5.34 0.82067 A P4 0.718 E
S6.26 0.82067 A P2 0.658 F
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2. The cut surface quality and kerf geometry change 
accordingly at fixed laser power when varying the 
cutting speed. The increase in the cutting speed leads 
to a rise in the cut kerf and surface quality. However, 
within a chosen range, at the lowest cutting speed of 
1.57 mm/s, the surface quality is relatively low. Indeed, 

for a constant wood property, low or high cutting 
speed results in lousy surface quality in a specific thick-
ness. Comparatively, the surface quality is excellent, 
clean, and flat at the cutting rate of 4.68 mm/s. Besides, 
the kerf width difference between the Korean pine and 
Northeast china ash was slightly considerable.

Table 27  Cutting speed & laser 
power interaction

Cutting speed 
(mm/s)

Laser power
(W)

Mean (mm) Groups

S6.26 P12 0.99 A
S 5.34 P12 0.99 A
S 4.68 P12 0.99 A
S 3.62 P12 0.99 A
S2.35 P12 0.99 A
S 1.57 P12 0.99 A
S6.26 P10 0.916 A B
S 5.34 P10 0.916 A B
S 1.57 P10 0.916 A B
S 4.68 P10 0.916 A B
S2.35 P10 0.916 A B
S 3.62 P10 0.916 A B
S 5.34 P 8 0.852 B C
S 3.62 P 8 0.852 B C
S 4.68 P 8 0.852 B C
S6.26 P 8 0.852 B C
S 1.57 P 8 0.852 B C
S2.35 P 8 0.852 B C
S 5.34 P6 0.79 C D
S 3.62 P6 0.79 C D
S6.26 P6 0.79 C D
S2.35 P6 0.79 C D
S 4.68 P6 0.79 C D
S 1.57 P6 0.79 C D
S6.26 P4 0.718 D E
S 4.68 P4 0.718 D E
S 3.62 P4 0.718 D E
S 5.34 P4 0.718 D E
S2.35 P4 0.718 D E
S 1.57 P4 0.718 D E
S6.26 P2 0.658 E
S 5.34 P2 0.658 E
S2.35 P2 0.658 E
S 4.68 P2 0.658 E
S 3.62 P2 0.658 E
S 1.57 P2 0.658 E
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Fig. 18  Illustration of Korean 
pine kerf width under  M1 and 
 M2
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Table 28  Cutting speed N Mean SD SEM Variance Missing Non-missing

S1.57 30 0.68367 0.1213 0.02215 0.01471 0 30
S2.35 30 0.68367 0.1213 0.02215 0.01471 0 30
S3.62 30 0.68367 0.1213 0.02215 0.01471 0 30
S4.68 30 0.68367 0.1213 0.02215 0.01471 0 30
S5.34 30 0.68367 0.1213 0.02215 0.01471 0 30
S6.26 30 0.68367 0.1213 0.02215 0.01471 0 30

Table 29  Laser power N Mean SD SEM Variance Missing Non-Missing

P2 30 0.534 0.01522 0.00278 2.31724E−4 0 30
P4 30 0.58 0.01438 0.00263 2.06897E−4 0 30
P6 30 0.622 0.01186 0.00217 1.4069E−4 0 30
P8 30 0.706 0.01886 0.00344 3.55862E−4 0 30
P10 30 0.792 0.02172 0.00397 4.71724E−4 0 30
P12 30 0.868 0.02905 0.0053 8.44138E−4 0 30
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Table 30  Cutting speed & laser 
power interaction

N Mean SD SEM Variance Missing Non−
miss-
ing

S1.57 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

S2.35 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

S3.62 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

S4.68 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

S5.34 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

S6.26 P2 5 0.534 0.01673 0.00748 2.8E−4 0 5
P4 5 0.58 0.01581 0.00707 2.5E−4 0 5
P6 5 0.622 0.01304 0.00583 1.7E−4 0 5
P8 5 0.706 0.02074 0.00927 4.3E−4 0 5
P10 5 0.792 0.02387 0.01068 5.7E−4 0 5
P12 5 0.868 0.03194 0.01428 0.00102 0 5

Table 31  Overall ANOVA 
results

DF Sum of squares Mean square F value P value

Cutting speed 5 −4.16334E−17 −8.32667E−18 −1.83677E−14 –
Laser power 5 2.4949 0.49898 1100.69118 8.42696E−113
Interaction 25 0 0 0 1
Model 35 2.4949 0.07128 157.2416 4.06372E−98
Error 144 0.06528 4.53333E−4
Corrected Total 179 2.56018
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Table 32  Cutting speed and 
laser power

Cutting speed Mean Groups Laser power Mean Groups

S1.57 0.68367 A P12 0.868 A
S2.35 0.68367 A P10 0.792 B
S3.62 0.68367 A P8 0.706 C
S4.68 0.68367 A P6 0.622 D
S5.34 0.68367 A P4 0.58 E
S6.26 0.68367 A P2 0.534 F

Table 33  Cutting speed & laser 
power interaction

Cutting speed Laser power Mean Groups

S6.26 P12 0.868 A
S5.34 P12 0.868 A
S4.68 P12 0.868 A
S3.62 P12 0.868 A
S2.35 P12 0.868 A
S1.57 P12 0.868 A
S6.26 P10 0.792 B
S5.34 P10 0.792 B
S1.57 P10 0.792 B
S4.68 P10 0.792 B
S2.35 P10 0.792 B
S3.62 P10 0.792 B
S5.34 P8 0.706 C
S3.62 P8 0.706 C
S4.68 P8 0.706 C
S6.26 P8 0.706 C
S1.57 P8 0.706 C
S2.35 P8 0.706 C
S5.34 P6 0.622 D
S3.62 P6 0.622 D
S6.26 P6 0.622 D
S2.35 P6 0.622 D
S4.68 P6 0.622 D
S1.57 P6 0.622 D
S6.26 P4 0.58 D E
S4.68 P4 0.58 D E
S3.62 P4 0.58 D E
S5.34 P4 0.58 D E
S2.35 P4 0.58 D E
S1.57 P4 0.58 D E
S6.26 P2 0.534 E
S5.34 P2 0.534 E
S2.35 P2 0.534 E
S4.68 P2 0.534 E
S3.62 P2 0.534 E
S1.57 P2 0.534 E
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3. The Korean pine was most affected during WJGL 
machining under different laser cutting speeds and 
powers. Its kerf width variations were significant com-
pared to the Northeast China ash. Besides, the WJGL 
power was the most influenced parameter, followed 
by cutting speed in terms of kerf width, geometry, and 
surface quality. Moreover, the interaction between 
the cutting speed and laser power was significant for 
Korean pinewood and not significant for Northeast 
China ashwood.
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